a 
AL1105 898806 PUBLICATIONS 


NBSIR 81-2254 


Tables of Experimental Rate 
Constants for Chemical Reactions 
Occurring in Combustion 
(4971-1977) 


Francis Westley 


Chemical Kinetics Division 

Center for Chemical Physics 
Naticna) Measurement Laboratory 
U.S. Department of Commerce 
Nationa! Bureau of Standards 
Wasnington, DC 20234 


April 1981 


Interim Report 


100 
Prepared for : U56. : . 
Department of Energy i; 
Washington, DC 20545 eae 


and Ci 


Office of Standard Reference Data 
National Bureau of Standards 
Washington, DC 20234 


i 


ee 5 ; 


SATIONAL BURRAY 
OP STANDARDS 
LIBBaRY 


NBSIR 81-2254 JUN . 0 1981 


TABLES OF EXPERIMENTAL RATE 
CONSTANTS FOR CHEMICAL REACTIONS 
OCCURRING IN COMBUSTION 
(1971-1977) 


Francis Westley 


Chemical Kinetics Division 

Center for Chemical Physics 
National Measurement Laboratory 
U.S. Department of Commerce 
National Bureau of Standards 
Washington, DC 20234 


April 1981 


Interim Report 


Prepared for 
Department of Energy 
Washington, DC 20545 


and 


Office of Standard Reference Data 
National Bureau of Standards 
Washington, DC 20234 


U.S. DEPARTMENT OF COMMERCE, Malcolm Baldrige, Secretary 
NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director 


le 


votre sities y4 - 


ry 


senate ae daa Pris) 

; Se Ter) 10 
meee.) Iter emo 15 
eee Tyg eNO) YEU GT ALA, 
Pipa en ee ue 
ReESOS SM tires 


MoGAN creel 


weIsnin tS 


ehaos OO Gori y 
Tiere; 


= ) Ce ee he i Lae 


ea RG A wit 


' oo ae 1 
i WD yee Sh i’ vt ae Fd 
FLD EVES POPE Pe Ried a et 
ry Sn Sa j 
, , 
U Bi hak) Care Ler 
iss ' {4 
. 
une 
an 
Di ut 
= 
yi 
¢ 
i tire 
jaty a fe, 


: i ’ 
am ye " mn 


rari te me ra cnet ahem cp mre AIO Ser ls — 


7 a iatersee agra, raoiaM S08aMMOD ey Tras ATAAASC a 
Br ata P30 POBAQMATE AO Aa Nencor 


Table of Contents 


ADSIEG ACEI iow Menon oe ce eM cul Ne TRL a -ogm aid GNI ak varisdiey om oles Sa eaceas i 
ENENOGUGEMOND eer ek eRe caren ecm Sods OMem ee ce ow Mou cle feu ey Sk Sa Su Sk ey eats 
Guidelines: foreseen USC Msi Sao om Waea enircie ste og eins (ois bidiy! inser aig! ow cede aas 
Table of Arrherius parameters for chemical reactions 
OCCU UNG malMECOMBUSIETON 2h lee eee ee een ties le na ouice Seamer ny? 0) 
REACTIONS Of SeOee 3 5. cosine oes EEE Te et lg co oe is 20 
05 ih rca A ae sisi Ade ua ah ae li a ale ea a TIS 38 
0, URS SSA eto NAL EN atte ag eR ae ED aN A 47 
eater ees oe eee Rnd Lae Leet Was | Laide eME ea) ep Sut 52 
Ho SV celguteimiysgie ek SNe yes reine eR Wie a aa i baal alo tala oss 70 
Qi teee eect eee ee ie en Nis eel Nata CEs oRllus au Naan in Gs, 73 
HO. Se Sater ies Res Usk uae A ee ea ds NOE yaaa Rr EAR ir og ene NA 88 
HA0 ANSI Alea cnt tase ai ld elt a AS ad est inc ogee a tS aia se 92 
H50, o> Vel 0;e sey Perr Or, Orly Syn ".@:). 10: ee cern, Joe verait jen rem ke: be ie.) ent yO) i Ore ey poIOme ven» Je) 93 
Sree ie ee rho ane i reid Saati CNN TAS anata Yanan tity & 94 
So Scan Tes Ae Somes NAAR | Ny ea ROR OU STL RODE RS Rn nRRUS 97 
SO ae carpe aaeel iene rg eae Hk ae leah SA AN a a ea 97 
S05 diet tee re eRe he akc ae Ee eee Re 97 
Smee en ends ae etn Cael en Na rat ia aidin i 100 
HoS SAIN OR Nice ae Reg ON i a eM tc ot ea a ae 100 
ela itis tak acs BaRl as kt RO airing cH ia dai 101 
No Mee Seer CME ce Real cel eee WUE Ae ee a Mp ame 103 
(Cea igh Sara ss Pea ores Cee) cae nc ARP ae hte i RES EN Se EY 104 
NO, SSDS Fal CoRR SME CHIR Crem one KERR UO CP tok le aU IN ween tees son Me lis 
NO. Pal ai ee ac she le kaha yy ahh lhe ame Ae tO aa 12] 
N,0 Ut CAEP ae sage ened ae APA CERES POR ADE 8 122 
N04 Bascal Ties ave ane aren nda SL een Sieh ato cthe npdes oon mee was aera 125 
N50q pe ot eet tgs Cr MR RMR ahd TA A ROS eect, hed ON Ween ul 125 
No0, PRAT Se tial Mey hie ein ih a ZS Ma Aa aera ti ie 125 
NEI an eaaaiy We 2 reais s tela tite nob asAenen tia ela ehae diab eae pon os 2 50126 
NH, Seis ouMe Nr a Tasae Ms aus vere een Meals asiattnnan padre we inhi iho. 126 
NH, GAN Sta Sare Meta Vaibees cosh mmsemiei Nas Mes ere e RoW cM UAMe tet enh ae Lei irc Wz 
NINE seit oe score arch cet a es Ona ive aie eM a OME SD aes OA Ge 129 


HNO, e204, eo ‘OS; - 6%, e© 6 
1 compounds .. . 
Cy compounds. . . 


Cy compounds... 4. < 


Cio compounds. . . 
Last of: References: "1s. sess 5 
Appendix: Conversion Tables. ... 


3 compounds... 
compounds... 


5 
Ce compounds .. . 
7 compounds .. . 


9 compounds .. . 
9 compounds... 


@) O_O!) RHO: 182 VO). 04h OL Oly Ole Tey ater Wel ii(e)) user tren oe 


OY. eb se “O18 se?s Veig Ora (Om KOnyh Og. Ole > Om, 10:2 Ou Oe. (em te 


@2 S03) Wek t<.0:< ef. em versely! ce letr-ce bee, 76. 


Oo. OO hom ey ere” cer. ae Ce ee el eee ele.” an + re 


OT OO reve” 8 2, Oe) |e” Je: Oe ee ce. Slersc@) cel’ we 


BO LO OTTO TL Oy Oe Te TO are ee 6 8 =e 8 


TABLE OF EXPERIMENTAL RATE CONSTANTS FOR CHEMICAL 
REACTIONS OCCURRING IN COMBUSTION 
Io Say 


Francis Westley 
National Bureau of Standards 
Chemical Kinetics Division 


Center for Thermodynamics and Molecular Science 
Washinaton, DC 20234 


A table of exnerimental rate constants for aas phase chemical reactions 

occurring in combustion is presented. Specifically, it gives in tabular 

form the values of the parameters for the modified Arrhenius equation 

ea ATP exp(-E/RT). The table covers reactions occurring in the combustion, 

oxidation and decomposition of aliphatic saturated or unsaturated Cy to 

Cig hydrocarbons, alcohols, aldehvdes, ketones, thiols, ethers, peroxides, 

amines, amides and their free radicals, as well as the reactions of 0, 05> 

Hs Ho, OH, HO, Ho05, N, No, NO, No0, NOos NoOg, NoOg, Ss Sos SH, SO, SO, 

SOH, NS, with each other. The table includes 220 monomolecular, 1092 bimolecular, 

and 198 termolecular reactions totalling 1420 distinct chemical reactions. 

There are 2608 distinct entries, distributed as follows: 308 for first 

order reactions, 1984 for second order reactions and 316 for third order 

reactions. The kinetic data were comniled from 843 exnerimental papers 

published between 1971 and 1977. 

Key words: Arrhenius Darameters, chemical kinetics, combustion, decomposition, 
free radicals, gas phase, hydrocarbons, hydrogen, nitrogen, 


oxygen, rate of reaction, sulfur. 


* 
This work was supported by the Department of Energy and by the Office 
of Standard Reference Data of the National Bureau of Standards. 
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INTRODUCTION 


This publication consists of a table of experimental reaction rate 
constants for the combustion, oxidation and decomposition reactions of 
aliphatic saturated and unsaturated hydrocarbons, their oxygenated sulfur 
and amino derivatives, as well as for the reactions of hydrogen, nitrogen 
Oxygen, sulfur and their inorganic derivatives with each other. The table 
is a compilation of experimental rate constants given in 843 papers 
published between 1971 and 1977. Its purpose is to provide the kineticists 
and kinetic modelers with a comprehensive and easy-to-consult reference 
book on the kinetic data for combustion and oxidation processes. The 
table gives 2608 distinct reaction rate constants from these 843 experimental 
papers. A list of references including the 843 papers, arranged alphabetically 
by author for each separate year, is apnended-at the end of the table. 

For each of reference the bimolecular and termolecular reactions included 
in the table are listed separately under each reactant, so that a grouping 
of the reactions according to the first reactant is obtained. As a 
result, the total number of tabulated entries is 4425, although the real 
number of distinct entries if 2608. 

The presentation of kinetic data is standardized and simplified as 
much as possible. Rate constants are expressed in the modified Arrhenius 
equation k = ATP exp(-E/RT). In general uncertainties are given only for 
the rate constant k itself and not for the individual parameters in this 
equation. Sometimes an uncertainty is given for the value of E/R. This 
uncertainty is only of secondary importance and has been included in the 
uncertainty stated for the value of the rate constant. Rate constants 
are expressed in units of Dae cm>’mo1s7!, and cm°mo1~2s7! for reactions 


of first, second and third order respectively. 
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For the readers who prefer other kinetic units than the standard 
Ones, two conversion tables for equivalent second and - respectively - third 
order rate constant units are appended at the end of this publication. 

The arrangement of the tables is described in detail below, in the 
“Guidelines for the User". 

It is hoped that this table of kinetic data will serve as a handy and 
easy to use reference book for all the kineticists and kinetic modelers 
interested in combustion and oxidation processes. 

This publication is not the result of the effort of a single person, 
but of the whole staff of Chemical Kinetics Information Center. My thanks 
to all of them. 

In particular, I wish to thank Dr. David Garvin, Chief of the Chemical 
Thermodynamics Division, and Dr. Robert F. Hampson, Jr., Director of the 
Chemical Kinetics Information Center, for their more than helpful suggestions 
and constant guidance; Dr. Wing Tsana, Chief of the Chemical Kinetics 
Division, for his encouragement in having this table published; Mr. James 
G. Koch, Supervisor, for putting the tables into a printable computer form; 
Mrs. Bettijoyce Molino and Mrs. Carla G. Messina from the Office of Standard 
Reference Data for applying the OMNIDATA and GPSDIC programs to the present 
tables; Mrs. Geraldine Zumwalt, Miss Natalie C. Atkins, and Mrs. Janice L. Jones 
for punching and typing a difficult typescript, full of digits and numbers, 


with particular care. 


GUIDELINES FOR THE USER 


General 


As pointed out above, the presentation of the kinetic data in this 
publication is an attempt to simplify and standardize them. In that 
resnect, the choice of standard units for rate constants was easy; it was 


found that the most commonly used units for gas phase rate constants are 
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the cubic centimeter, the mole and the second. The choice of a standard 
form for uncertainty limits is somewhat more complicated, but when a series 
of recommended rate constants is to be presented in a tabular form, the 
uncertainty limits can not be omitted, for an uncertainty assigned to the 
recommended value of a rate constant is an estimate by the evaluator of the 
absolute accuracy of the preferred value. It is to be emphasized that 
in the present tables the concern is with the overall uncertainty of a 
reaction rate constant and not with the expression of precision of a 
set of experimental measurements. Most of the uncertainty limits included 
in this table are uniform within the respective temperature range indicated. 
However, for a limited number of reactions, the data warrant or require 
variable limits. In such cases, a note under the respective data indicates 
for which interval of the temperature range there is a change in the uncertainty 
Lines: 

It is thought that the uncertainty limits expressed in the form of 
lower and upper k factors - f and F, respectively - are the most suitable for 
tabulation. Thus, if Ky is the central value of a rate constant the 
limits of reliability for the rate constant ko are defined by the 


relationship: 
Fk < kx Fko ee 


i.e. multiplication of the central value Ko by f and F gives respectively 
the lower and upper reliability limits of the rate constant. In this 
Standardized formulation of uncertainty limits, the value of f is less 
than unity and the value of F is greater than unity. 

However the k factors are not the only way to express the uncertainty 
limits of a rate constant and different authors use different forms to 
indicate the degree of reliability of a recommended rate constant. It 


follows that certain mathematical relationships are needed to translate 


the different forms of uncertainty limits into the standard form used in 
this table (lower and upper k factors). The transformation formulas are 
given and discussed below. 

In general there are two wavs to state uncertainty limits: 1) by factors 


and 2) by alagebraic addends 


Uncertainty expressed by factors. 


Beside the standard form of uncertainty limits expressed by the lower 
and upner factors f and F, as defined by the above aiven relationship (1), 
there is another form which expresses the uncertainty limits by a unique 
FACLOne MnUSee Ih Ky is the central value of a rate constant, the statement 
that Ky is uncertain to a factor of F means that the uncertainty limits 


are defined by the relationship: 
k/F “Kx kof (2) 


which shows that division and multiplication of the central value Ky 

by F gives, respectively, the lower and upper reliability limits of the 
rate constant. By comparing relationships (1) and (2), it is obvious that 
in the case of an uncertainty expressed by an unique F the upper factor 

is equal to the unique factor itself, while the lower factor f is the 


reciprocal of F: 


eS WAR (3) 


Uncertainty expressed by algebraic addends. 
There are three types of uncertainty limits for rate constants 
exnressed as algebraic addends, which are currently used by kineticists: 
a). Uncertainty annended to one of the Arrhenius factors (A, B, or E/R); 


b). Uncertainty appended to 109) 9k; and c). Uncertainty expressed as a 


percentage of k.. With respect to the type a) uncertainties, the B factor 


uncertainties have been eliminated as being unimportant, while the uncertainties 
for the E/R factor may be omitted because they are of secondary importance 

and are included in the k factors. Therefore, the only uncertainty of 

type a) considered below is the one appended to the coefficient of the 

A factor. 


a). Uncertainty appended to the coefficient of A factor. In 


Scientific notation, the A factor is of the form: 
A = ax10" (4) 


where a is a numerical coefficient less than 10 and n is the power of 
10. If an uncertainty +a' is appended to the coefficient a, the A factor 


takes the form: 
au 1 n 
A= (a +a") x10 (>) 


If lower and upper factors (f and F) are wanted instead, the A factor 


takes the form: 


fa x 10" (6) 


pe) 
iT] 


Faux10" (7) 


i> 
I 


or 


Comparison of (6) and (7) to (5) leads to the relationships: fa =a-a 


and Fa = a + a' from which the following formulas are obtained: 


f=1-a'/a (8) 


and Pst on ees fa (9) 


Formulas (8) and (9) are the relationships needed to transform an uncertainty 
appended to the coefficient of the A factor into one using k factor. A 


numerical example follows: 


A =6(.2..02#2025), x 10!4 therefore: a = 2.0 and a' = 0.5 
an/at=" 0.5/2. 08= Or25rand) the k tactors are. f = b = 0.25 = 0.75 
and. ‘hes Ose ou= de 5 


b). Uncertainty appended to 1091 gk, - lite ky is the central value of 


a rate constant, C its logarithm to the base 19 and D the uncertainty expressed 


as an algebraic addend to C, then the following relationship is true: 
Togygk = C+D (10) 


where C = 10g) gk If D is put in logarithmic form, say: 


Ee 
D = Tog) oF (11) 
then relationship (10) becomes: 
10g} 9k = 109) 9k, + log, F (12) 
which can take the form: 
109) gk /F < 10g, gk < 10g) 9Fk, 


or 
k,/F <x Fk (13) 


Replacing 1/F by f, relationship (1) is obtained. It is obvious that the 


k factors f and F are the antiloaarithms of -D and D, respectively: 


f 


I 
—I 
oO 


antilog (-D) (14) 


F = antiloaD = 10 (15) 


Formulas (14) and (15) are the relationshins needed to transform 
the tyne b uncertainties into reliability limits expressed by k factors. 
A numerical example follows: 


109 gk eA SOS eee Dee ORC uml = 10°9°3 = 5 and — = 192-3 = 2.0 


fee Uncertainty expressed in percentage of k_. Some kineticists 


prefer to use percentage for defining the uncertainty limits of a rate 
constant. Thus, the statement that a rate constant is + p% uncertain means 


that the uncertainty limits of ky are defined by the relationship: 


8 
ky - (p/100)k, SS i (p/100)k, 


ori i= p/100)k, <i Kase (le et p/100)k, (16) 
Replacing the percentage by the rate, defined as r = p/100, relation- 
ship (16) becomes: 
(1 - rk Sake r)ky (17) 


Comparison of relationships (17) and (1) leads to the following 


formulas: 
f= ]-<¥ (18) 
and F=]+r (19) 


which are the relationships needed to transform the type c uncertainties 


into reliability limits expressed by k factors. A numerical example 


follows: 
k = 3.7 x 10'% + 20% therefore p = 20% and r = 0.2 
Thusee tie) dy = Oud, = 0.8 
and F=1+0.2=1.2 


When a percent error has been stated as > 100%, the F factor is determined 
first, according to relationship (19) then, instead of relationship (18), 
one simply sets: f = 1/F. E.gs: fora 1502 error, r= 1.55. F = 14+ r= 
2.5 and Pes" 1 /F = 0.4. 

The above given relationships: (3), (8) and (9), (14) and (15), (18) 
and (19) can be used in reverse by the reader who prefers other types of 
uncertainty limits than the standard k factors, f and F. However a word 
of caution is necessary. In contrast with the standard uncertainty limits, 
other types of uncertainties for rate constants using a unique factor or 
algebraic addend have a constraint imposed upon them. Thus, the uncertainties 


expressed by a unique algebraic addend are required to be symmetrical with 


respect to the central value to which they are appended, while the uncertainty 
expressed by a unique factor, F, indicates in fact that the upper factor F 

and the lower factor f are required to be inverse to each other (f = 1/F). 

No such constraints are imposed on the standard uncertainty limits used 

here and for that reason this type of uncertainty has been found most 

Suitable for tabulation purposes. 

If the transformation of the standard uncertainty limits into 
uncertainties with constraints is desired, some adjustments may be necessary 
according to the case. The following examples, for transformation of 
Standard uncertainty into a unique factor uncertainty, are an illustratior 


of the necessary adjustments: 


1). Standard factors 1 = 095 and Ftss2s0"Re rst obyious that fh =11/F 
and no adjustment is necessary. 


0.8 and F 


2). “Standard factors: f 


od I nlethiseasels =f sande are 
not inverse to each other. Indeed f' = 1/F = 0.83 while F' = 1/f = 1.25. 

Mier WO "pals Of hactonss (h. = O.ocs = lec and f= Gros . 4 ie25)) 
are quite close. However, it is safer to choose the pair 0.8 and 1.25, 
by enlarging slightly the uncertainty range. 

3)" Standard factors: Ff — Oso and f= I-4 Inthis cases not onilly 
are the factors not inverse to each other, but the difference is significant: 
Ti r= Oe ean drace= l/r = lls Olie 

The. two. palns On factors. (Gh = sOly lyse e= el eanandat —"Osos) fs —Nils67o) 


are significantly different. Again, it is safer to choose the rair 0.6 
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and 1.67, by enlarging the uncertainty range. And, since the concepts 
of uncertainty and reliability are opposite to each other, enlargement of 
the uncertainty range will result in a decrease in reliability. 

The same adjustments may be necessary for transformation of k factors 


uncertainties into another type of uncertainties. 


Arrangement of the table 


This publication is in two parts: 

Part I. The table, arranged in six columns including the chemical 
reactions, temnerature ranae, the nvarameters A, B and E/R for the modified 
Arrhenius equation k = ATP exn(-E/RT) and the uncertainty limits expressed 
as k factors f and F. 

Part II. The bibliography of vart I, including the full references 
for the 843 experimental papers from which the present table was compiled. 
Following the bibliography, two conversion tables for equivalent second 
and - resnectively - third order rate constant units are appended. The 
contents of part I are described in detail below: 

Column 1 includes the chemical reactions indicating both the reactants 
and the products. In the same column, under each chemical reaction, the 
names of the reactants are given. The chemical nomenclature adopted jis 
the one used in the Chemical Substance Indexes of Chemical Abstracts. 
Alternative names are not given. The chemical names of the products are 
not given. The line with chemical names is indented with resnect to the 
line above it. Under the chemical names, the short reference of reviewer's 
book or article is given. It includes the last two digits of publication's 
year, followed by the first three letters of author's name. If two authors 
are given, a slash separates each author's three letters. Again, the short 


reference line is indented with resnect to the line above it. E.g.: 


1] 


74 HER/HUI indicates the review of rate constants for the 
reactions between aliphatic hydrocarbons and 
atomic oxygen, published by Herron and Huie 


in 1974. 


In the same line with the short reference, but spaced out, the order 
of reaction is indicated by the words "Reaction order:" followed by one 
of the digits 1, 2, or 3. As pointed out in the introduction, the order 


of reaction indicates the units for the rate constants as follows: 


lt MRO SEIS MON Geta real Gril On Seas tata o-te tori, vce. aches oa S 
Daeror Second: order reactions ante aniuaeera: aaee- anol le 
Bh for rehired torderereaGtions) ime fete ia. tae Sioneh Cae 


Following the reaction order, -on the same line-, the presence of 
an inert reaction partner ("third body") is indicated by the letter M: 
followed by its chemical formula. E.g.: M:Ar or M:CO.. No indication 
is given if M is undefined, or if the reaction does not include M. 

FOr a number of reactions, no Arrhenius parameters are indicated. 
Instead, for each of these reactions, the ratio of the rate constant with 
respect to the rate constant of a reference reaction is given. This 
information follows the reaction order information, on the same line, 


and is indicated by the symbol K/K ag! followed by a number. 


The last line of column 1, placed under the line including the 
Short reference and reaction order information, beains with the heading 


NOTE: It is given only when necessary and might include information 


2 
about the dependence of k factors on temperature range, or the reaction 
taken as reference when the ratio K/k not is aqiven in the previous line, or 
other information pertinent to the reaction indicated above. The rate 
constant, Knee? for the reference reaction indicated in the note (by the 
Same author) can be found in the table in the proper place. For a certain 
number of reactions the relationship k, = K Ky included in the note indicates 
that the resnective rate constant was calculated from the equilibrium 
constant « and the rate constant k_, of the reverse reaction. In such 
cases, the author usually gives the rate constant of the reverse reaction 
immediately after the data for the forward reaction. The arrangement of 
the present table (based on the standard order, as described below in the 
next section) does not allow the forward rate constant of a reaction to 
be followed immediately by its reverse reaction data. The reader will] 
have to locate the rate constant of a reverse reaction (by the same 
author) in its proper place in the table. 

Column 2, with the heading T/K, indicates in dearees Kelvin the 
temnerature ranae of validity of the correspondina rate parameters. For 
some reactions oniv one temnerature is given, meaning that the reaction 
was studied only at one temperature. The temperatures are alined with 
the short reference and the reaction order information. 

Column 3, with the headina A, dives the value of A for the equation 
k = ATP exp(-E/RT) in short scientific notation. In other words, it 
appears as a number less than 10, followed by a parenthesis including an 
integer preceded by the sian +, or -. The number less than 10 is the 
coefficient of the A factor, while the inteaer inside the parenthesis is 
the exponent of 10. Therefore, e.q., 3.5 (+ 14) should be read as 


+14 


Se eke 0) The coefficient of the A factor has no more than one digit 
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after the decimal point. The units of the A factor are the same as for 
the rate constant ky according to the order of the respective reaction, 
as shown above. For those cases when the recommended value is only one 
temperature, the entry under this column is in fact the value of the 
rate constant k at this temperature. As for the temperatures, the data 
for the A factor are alined with the short reference and reaction order 
information. If a dash appears in this column, it means that no A factor 
value was reported by the evaluator for the corresponding reaction. 

Column 4, with the heading B, gives the value of B for the equation 
k = ATPexp(-E/RT). The value of B is usually low and varies from 0 to 
about 3 or 4. It may be negative, or positive. The negative values of 
B are preceded by the sign -, while the positive values are without sign. 
No more than one digit is given after the decimal point. If in this column 
a dash appears instead of a figure, it means that no B value was reported 
by the evaluator for the corresponding reaction. As for the temperature 
and A factor, the data for B are alined with the short reference and 
reaction order information. 

Column 5, with the heading E/R, indicates the values of E/R for the 


equation k = ATP exp(-E/RT). Since E is the activation energy in cal mol”! 


and R the gas constant with a value of 1.987 cal mot”! Ko! 


mca OL LOWS 
that the units of E/R are kelvins. The values given in column 5 for 
E/R may vary from 0 to over 100000 kelvins. The E/R values may be 
positive or negative. The negative values are preceded by -, while the 
positive values are without sign. Some of the E/R values included 

in the table are followed by an uncertainty with plus or minus sign. As 


pointed out in the introduction, these uncertainties may be ignored, as 


being included in the lower and upper k factors indicated in the right 
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column of the table. If in this column a dash appears instead of a 
figure, it means that no E/R value was reported by the evaluator. As 
for the data from the previous columns, the values for the E/R factor 
are alined with the short reference and reaction order information. 
Column 6, with the heading "k factors" and two subheading, "f" 
and "F", indicates the two uncertainty k factors, the lower factor f 
in the left subcolumn and the upper factor F in the right subcolumn. 
To find the uncertainty limits of a reaction, its rate constant is to 
be multiplied by the two factors, as shown above in relation (1): 
Fk, < k< Fko. The values of both factors are always positive. If no 
uncertainty limits are indicated by the evaluator, both subcolumns of 
the column 6 are left blank. As for the data from the previous columns, 
the k factors are alined with the short reference and reaction order 


information. 


Ordering of chemical reactions. 


The general rule for ordering the chemical equations of the reactions 
listed in column 1 of the table is the standard order of arrangement as 
described in NBS Technical Note 270-3 pp. 5, 6, and 22*). This rule 
is applied to the first reactants of the reactions listed in the table, 
as well as to the reactants following the first. The first reactant of 
a reaction takes precedence over the following ones. The compounds listed 
as reactants may include the atoms 0, H, S, N, and C, either each of them 


separately, or several, in any possible combination. The standard order 


*) «Wagmans 2D. Des" Evans We a Parkers: Ve Be Halows: as baileys. S.°Ms, 
and Schumm, R. H., "Selected Values of Chemical Thermodynamics 
Properties," NBS Tech. Note 270-3 pgs. 5, 16, 22 (1968). 
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of arrangement, when applied to these five atomic species, will result 
in the sequence 0, H, S, N, C, each atom in it taking precedence over 
the following ones. When applied to the first reactants listed in the 
table, the standard order of arrangement will result in a sequence of 
five chemical systems, whose order of precedence is as follows: 

1). O system, 2). H-O0 system, 3). S-O-H system, 4). N-O-H-S 
system, and 5). C-O-H-S-N system. 

In each system, the first atom is underlined to show that the 
compounds containing this atom only, should be listed first. It is to be 
noted that the atomic species following the underlined atom are in standard 
order, while the underlined atom itself should be put at the end if 
the standard order were to be followed. As it will be shown below, this 
exception to the standard rule, which is apparent only but not real, is 
due to the fact thet all the compounds containing the atoms of a system 
with the exception of the underlined atom, are already listed in the previous 
Systems. In each of these five chemical systems, the order of the compounds 
listed in the table as first reactants is as follows: 

De WO syswae Os 055 0. 

2). H-O system: H, Ho» OH, HO.» H.0, H0.. 


3). S-O-H system: S, TE SOs 505; S035 Salsa Olah 


DB» 
99> No0a, No 


HNO, HNO. NS. 


4). N-O-H-S system: N, Nos NO, NO.» NO., N re NH, NH,» 


Nhe» NOH» NH35 


5). C-O-H-S-N system: Cy compounds: C, CO, C045 CHa CH CH, CH,» CHO, 


De 


HCHO, CH30, CH.0H, CH00H , CSG VES 


3 ae 
COS CHS, CHSH, CN, C(NO5)q; CHN , 
CH4NH,. CH=NEN, CHANHNA, 5 CH3NO, 
CH3NO. » CHNO3 5 CH0NH,. 


16 
Cy compounds: Co» C0, CH= Chis CHo=CHo » CH3CH.° » 


CH2CH., CHo=C=0, etc. 
C4 compounds, etc., up to Cio compounds follow, 
being ordered according to the same 


pattern. 


It is clear now that, for instance, the compounds included in the S-O-H 
System contain at least one sulfur atom, while the compounds containing 
only H, or O atoms, or both, are already listed in the previous two 
system (O-system and H-O0 system). It is to be noted that for the C-O-H-S-N 
System the standard order is applied in a slightly different way: the 
compounds are first grouped according to the number of C atoms, then the 
rule for the standard order of arrangement is applied for each group apart. 
This is necessary as a result of the very large number of organic compounds. 

The standard order is applied in the same way for the second, or 
third reactants of chemical reactions. Since the reactants of a chemical 
equation can be switched around, a number of bimolecular and termolecular 
reactions are inserted in the table in two and three places, respectively. 
E.g.: Reaction CHa ae 3) CH. + OH, is inserted in the C-O-H-S-N system. 
This reaction may also be written as O + CHa = OH + CH and.,as such, 1S 
listed in the 0 system. The advantage of such a procedure is obvious: 
referring to the example just given the reader will find the reaction 
between methane and oxygen listed with CHa as. first reactant 17-he1s 
interested in the reactions of methane, or listed with 0 as first reactant, 
if he is interested in the reactions of oxygen atom. The bimolecular 
reactions are the largest group of reactions included in the table. There 
are 1092 reactions listed in the table, having as reactants two distinct 


chemical compounds. Since each of these reactions is inserted twice, 


17 


the number of entries for them will amount to about 2000. Only a small 
number of termolecular reactions has three distinct reactants. As an 
example, one of them is NO + NO. at 05 = N50, . This reaction will also 
be inserted under the forms: NO. + NO + 0. 2 NO, and 0, 1 IMO) Se NO, > 
No0,. A number of second and third order reactions includes a second 
and - respectively - third body M. For this group of reactions, M will 
always be placed after all the other reactants, which means that the 
second order reactions with M as reactant will be inserted in the table 
Only once, while the third order reactions with M as reactant will be 
inserted only twice. £.g.: Reaction 04 ap tle (0) 4 05 + M is inserted in 
the table oniyaonce.) whi lepreac tion NOl OM NOD taM 1 seainserted jas 
such, and also under the form 0 + NO + M> NOo + M. 

Most of the chemical reactions included in the table are balanced. 


A number of reactions are only apparently unbalanced. For instance, reaction 


CH,CH5CHACH. oFuln| wa CHCH,CHoCH.° F CH4CHCH( + )CH. 35 Ho 


(20) 
has a rate constant which is in fact the sum of the rate constants for 


the two reactions 


CHCHCHo CH, sa lacs CH2CH,CHCH° + Ho (21) 


and CH CHACHA, CH. a lal ¢ CH2CHoCH(*)CH3 a Ho (22) 


3 

Since the Arrhenius parameters listed in the table refer to the total 
rate constant, the reaction is listed in the table under the form (20) 
rather than in two separate forms. In some instances, a reaction is 
balanced, but the alkyl radicals formed as products are not specified. 
EiGieys 


CH. ar (CH) CHCH(CH3)CH(CH3)» i CHa ar [CoH 7°] (23) 
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The unspecified octyl radical inserted in square brackets as product 
in equation (23) represents all primary, secondary and tertiary octyl 
radicals that could be formed by abstraction of a H atom from the reactant 
2,3,4-Trimethyl-pentane. There are a number of reactions with the products 
totally unspecified. In such a case, the word “products” appears after 


the arrow: 


(CH3) oC = CHCH, + N > products (24) 


Display of Chemical Reactions and Formulae. 


A chemical reaction equation should show as clearly as possible the 
formation of products from the reactants. For that reason, the reactions 
listed in the table are written on the basis of semi-structural formulas. 

Straight chain hydrocarbons. All saturated normal hydrocarbons up 
to, and including n-pentane, are written so as to show separately each 
methyl and methylene group in the chain: CHa» CH4CH., CH,CHACH. CH.CHACHACH. 5 
CH.CH,CH,CH,CH.. 

The higher hydrocarbons, from n-hexane to n-decane, are written 
in a more condensed form to facilitate the counting of the number of 
methylene groups in the chain: CH3(CHo) gCH CH(CH5) CHa CH(CH,) .CH3, 
CHy)5CHz, CH4(CH5)gCH.. 

The unsaturated hydrocarbons are written so as to show the position 


of each double or triple bond in the molecule. E.g.: 


Ethyne (Acetylene) CH=CH 
1,2-Propadiene (Allene) CHo=C=CH. 
1,3-Butadiyne CR=CC2CH 
cis-2-Pentene cis-CHCH,CH=CHCH, 
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Alkyl radicals. The unpaired electron of each alkyl radical is always 


indicated, with the exception of Methyl free radical. E.g.: 


Methyl free radical CH, (no dot) 
Ethyl, Il-methyl-, free radical 

(Isopropyl ) (CH) CH: 
Methyl, hydroxy-, free radical *CHA0H 


If the unpaired electron of an alkyl radical belongs to a carbon 
in the middle of the chain, it is indicated inside a parenthesis following 
the carbon atom. “Exges: 


Propyl, l-methyl-, free radical 
(sec-Buty1) CH3CHACH( + )CH3 


Butyl, 1,l-dimethyl-, free radical 
(2-Methyl-2-penty1) CH4CHCHAC(*) (CH). 


Methyl, oxo-, free radical (Formy]) 
(is written) - CHO 


Oxy free radicals. If the oxygen atom of an oxy radical is attached 
to the terminal carbon atom, the radical is written in the usual manner: 
CH0. If the oxygen atom of the oxy radical is attached to a C atom in 
the middle of the chain, then the oxygen atom, together with the unpaired 
electron, are inside a parenthesis following the C atom: (CH) 5C(O+ )CH.CH.. 

Peroxo, and other free radicals. The rules for writing peroxo, 
and other free radicals are the same as for the oxy free radicals: CH205°, 
CH,S-. 

Atoms, like 0, H, S, N, and simple radicals like OH, HO, 5 SH, NH, 


Chis CH» CH.» CN are written without dot. 
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